Abstract: Magnesium diboride gained significant interest in the materials science community after the discovery of its superconductivity, with an unusually high critical temperature of 39 K. Many aspects of the electronic properties and superconductivity of bulk MgB 2 and thin sheets of MgB 2 have been determined; however, a single layer of MgB 2 has not yet been fully theoretically investigated.
Introduction
Magnesium diboride was first synthesized and had its structure confirmed in 1953 [1] . An interest in its properties has grown ever since 2001, when it was discovered that MgB 2 exhibits the highest superconducting transition temperature T c of all metallic superconductors. It is an inter-metallic s-wave compound superconductor with a quasi-two dimensional character [2] and a critical temperature of superconductive transition at T c = 39 K. The experimental confirmation of the isotope effect [3] in MgB 2 indicated that it is a phonon-mediated BCS superconductor. A better definition would describe MgB 2 as self-doped semimetal with a crucial σ-bonding band that is nearly filled [4] . The basic aspects of the electronic structure and pairing is in a rather strong coupling of high frequency boron-boron stretch modes to the bonding electronic boron-boron states at the Fermi surface. The phonon-mediated mechanism with different coupling strengths between a particular phonon mode and selected electronic bands, boron σ-and π-bands [5] [6] [7] [8] [9] [10] [11] [12] [13] , results in the presence of two superconducting gaps at the Fermi level. MgB 2 has already been fabricated in bulk, as single crystals, and as a thin film, and shows potential for practical applications.
The discovery of graphene in 2004 [14] sparked an interest in 2D materials and their properties. A variety of new properties, which distinguished graphene from graphite [14] [15] [16] [17] [18] [19] [20] [21] [22] , inspired a search for other low-dimensional limits of layered materials and possibilities they offered. Interest in a low-dimensional limit of MgB 2 has arisen in past years, showing that it is superconductive even in a monolayer [23, 24] .
MgB 2 has a distinct layer structure, where boron atoms form a honeycomb layer and magnesium atoms are located above the center of the hexagons, between every boron plane. The boron layers alternate with a triangular lattice of magnesium layers. There is a noticeable structural similarity of MgB 2 to graphite-intercalated compounds (GICs), some of which also exhibit superconductivity [25] [26] [27] [28] [29] . Both monolayer and two-layer graphene, decorated/intercalated with atoms of alkali and alkaline earth metals, exhibit superconductivity and have been thoroughly studied using ab initio methods and isotropic and anisotropic Eliashberg theory [30] [31] [32] .
Furthermore, a similarity in the electronic structure between GICs and MgB 2 exists. The peculiar and unique property of MgB 2 is a consequence of the incomplete filling of two σ bands corresponding to strongly covalent sp 2 -hybrid bonding within the graphite-like boron layers [33] .
Here, we present a comprehensive study of the electronic, vibrational, and mechanical properties of MgB 2 using ab initio methods, in order to provide its detail description.
Computational Details
MgB 2 has a hexagonal unit cell and consists of graphite-like B 2 layers stacked with the Mg atoms in between, as shown in Figure 1 . The first-principles calculations were performed within the density functional theory (DFT) formalism, using a general gradient approximation (GGA) to calculate the electronic structure. For all electronic and phonon structure, the Quantum Espresso software package [34] was used with ultra-soft pseudopotentials and a plane-wave cutoff energy of 30 Ry. All calculated structures are relaxed to their minimum energy configuration, following the internal force on atoms and stress tensor of the unit cell. We used the Monkhorst-Pack 48 × 48 × 48 and 40 × 40 × 1 k-meshes, for the calculations of the electronic structure of the MgB 2 bulk and MgB 2 monolayer, respectively. The phonon frequencies are calculated using Density Functional Perturbation Theory (DPFT) on the 12 × 12 × 12 and 20 × 20 × 1 phonon wave vector mesh for the bulk and monolayer structures, respectively. In two-dimensional systems, the van der Waals (vdW) interaction was found to play an important role on the electronic structure [35] ; however, as this is study on monolayer MgB 2 , we do not treat vdW interactions, especially since, in this case, the effects are minor and including them would add additional computational costs but would not yield more accurate results. The crystal structure of MgB 2 and the MgB 2 monolayer are presented in Figure 1 . The lattice parameters for the bulk MgB 2 are in agreement with the experimental results, a = 3.083Å and c/a = 1.142 [9] . In order to avoid an interlayer interaction due to the periodicity and to simulate a 2D material, an artificial vacuum layer was set to be 25Å. When the monolayer is modelled, the structure is geometrically optimized, allowing the atoms to reach a minimum potential energy state. The bond length between neighbouring atoms remained to be 1.78Å, but the distance from the boron layer to the Mg atoms changed from h = 1.76Å to h = 1.60Å.
For the molecular dynamics (MD) study, the Siesta code was utilized [36] . The super-cell is built by repeating the unit cell three times in both in-plane directions, whereas the lattice vector in the perpendicular direction is 15Å, providing a large enough vacuum space between the 2D material and its periodic replica in order to avoid their mutual interaction. The lattice parameters and the geometry of the unit cell are initially optimized using the conjugate gradient method. The Perdew-Burke-Ernzerhof form of the exchange-correlation functional [37] , the double-zeta polarized basis set, and the Troulier-Martins pseudopotentials [38] were used in all MD calculations.
The second-order elastic constants were calculated using the ElaStic software package [39] . First, the direction is projected from the strain tensor and total energies for each deformation are calculated. Elastic constants are then calculated using the second derivatives of the energy curves, dependent on the parameter η. In our calculations, the maximum positive and negative amplitudes of 5% Lagrangian strain were applied, with a step of 0.1%.
For the 2D square, rectangular, or hexagonal lattices, the non-zero second-order elastic constants, in Voigt notation, are c 11 , c 22 , c 12 , and c 66 . Due to symmetry, in hexagonal structures c 11 = c 22 and c 66 = 1 2 (c 11 − c 12 ); so, we have 2 independent elastic constants. The layer modulus, which represents the resistance of a 2D material to stretching, is given as
The 2D Young modulus Y for strains in the (10) and (01) Units for elastic constants and those parameters are N/m.
Results and Discussion
In order to determine the stability of a single layer of MgB 2 , we perform MD simulations based on DFT and the super-cell approach. Besides the system with optimized (pristine) lattice parameters, we also consider a biaxially stretched system (up to 3% of tensile strain) and biaxially compressed system (up to 5% of compressive strain). The MD simulations are conducted in the range of temperatures between 50-300 K, with a step of 50 K, using the Nosé-Hoover thermostat [40] . Figure 2a shows the average distance between Mg and B atomic layers, as evolved over a time of 1 ps. Throughout the simulation time, there is no further evolution of the z-coordinate and the Mg atom shows only oscillatory movement around the equilibrium positions (as is shown in Figure 2 ) Importantly, the separation indicates that the Mg atoms do not leave the surface of the MgB 2 crystal. The plane in which the Mg atoms reside shifts away from the plane of the B atoms on average by 0.09Å in a compressed crystal, while the distance between the planes decreases on average by 0.42Å in the stretched system. This (relatively larger) shift in the latter case can be understood by analysing the details of the MgB 2 atomic structure. When the crystal is biaxially stretched, its Mg-B bond lengths increase, which is partially compensated by the nesting of the Mg atoms in the hollow sites closer to the B sublattice. Despite these atomic shifts, the MD simulations show the structural stability of the system. The stability from the MD simulations can be further quantitatively derived from the global Lindemann index, the dependence of which on temperature is shown in Figure 2b . It is calculated for the pristine crystal, with a compressive strain of 5% and a tensile strain of 3%, from the local Lindemann indices, given by the formula
by averaging over all atoms. Here q i is the local Lindemann index of atom i, N is number of atoms, r ij is a separation between atoms i and j, and the angle brackets denote averaging over time (i.e., MD steps) [41] . The linear behaviour of the Lindemann indices indicate that systems are stable, at least up to room temperature. The calculated second-order elastic constants and other structural parameters for monolayer MgB 2 are given in Table 1 . All elastic constants related to the bulk material (those that have 3, 4, or 5 in their subscripts), are calculated close to zero, as is expected for the monolayer. Compared to similar 2D materials, the layer modulus of MgB 2 of 30.18 N/m is relatively small (in the range of Silicene and Germanene), roughly five times smaller than that of graphene or h-BN, for example [42, 43] . Similar results are obtained for the Young modulus. Compared to borophene (two-dimensional boron sheets with rectangular structures) [44] , which is a hard and brittle 2D material that exhibits an extremely large Young's modulus of 398 N/m along the a direction [45] , the MgB 2 monolayer has a significantly smaller value of 63.29 N/m. The most interesting observation in the elastic properties of the MgB2 monolayer is that the c 12 constant is negative, which gives a negative Poisson ratio in the a and b directions, too-although, with a very small negative value of −0.05. However, compared to 2D borophene, which has an out-of-plane negative Poisson's ratio (that effectively holds the strong boron bonds lying along the a direction and makes the boron sheet show superior mechanical flexibility along the b direction [46] ), we obtain similar values [45] . For comparison, graphene has a Young modulus of 352.2 N/m and a Poisson ratio of 0.185 [42] . After confirming its stability and determining the elastic properties of the MgB 2 monolayer, we study its electronic properties. In Figure 3 , the electronic structures of bulk MgB 2 and the MgB 2 monolayer are presented. The band structures for the bulk along the high-symmetry points Γ-K-M-Γ-A-L, and for the monolayer along Γ-K-M-Γ were calculated. The Fermi level is set to zero. The band structure of the bulk is in full agreement with previous studies [10, [47] [48] [49] . The two bands crossing the Fermi level play a crucial role in the electronic properties of MgB 2 . The density of the states around E f are predominantly related to the B atoms and their p-orbitals, whereas the Mg atom contribution is negligible in this region. Previous studies described Mg as fully ionized and showed that the electrons donated to the system are not localized on the anion but, rather, are distributed over the whole crystal [6] . A similarity to graphite can be observed, with three σ bands, corresponding to the in-plane sp x p y (sp 2 ) hybridization in the boron layer and two π-bands of boron p z orbitals [33] . Boron p x(y) and p z orbitals contribute as σ and π states. Analysing projected DOS, one concludes that the σ states are considerably involved in the total density of states at the Fermi level, while the π states have only a partial contribution. It is worth emphasizing that the bulk bands of this material at the K-point above the Fermi level present a formation similar to the Dirac cones in graphene.
In the monolayer, there is an increase in the total density of states at the Fermi level from N(E f ) bulk = 0.72 states/eV to N(E f ) mono = 0.97 states/eV. In the same manner as in the bulk, the monolayer Mg atoms negligibly contribute to the density of states at the Fermi level, and the main contribution comes from the B p-orbitals. The characteristic Dirac cone-like structure is still present and closer to the Fermi level. Dg77, as the symmetry group of the MgB 2 monolayer, hosts a Dirac-like dispersion in the vicinity of the K-point in the hexagonal Brillouin zone, if the orbital wave functions belong to the 2D representation E of the C 3v point group of the wave vector [50, 51] . In the tight-binding case, the p x and p y orbitals of two boron ions give rise to one E-representation (and to two one-dimensional representations), while the s-orbitals form a basis for one E-representation and p z -orbitals form a basis for one E-representation as well. This explains the presence of the Dirac cones at the K-point in the band structure of the MgB 2 monolayer (as shown in Figure 3b) . Figure 4 shows the phonon dispersions for both the bulk and monolayer. For the bulk (in Figure 4a) , there are four optical modes at the Γ point. Due to the light atomic mass of the B atoms and the strong B-B coupling, the two high-frequency modes almost have a pure boron character. The in-plane stretching mode E 2g and the out-of-plane mode (where the atoms move in opposite directions B 1g ) are the boron atom modes. E 2g is a doubly-degenerate Raman active mode and experimental studies [6, 9] showed that this mode is very sensitive to structural changes and it has a strong electron-phonon coupling. The low-frequency modes (A 2u ) and double degenerate (E 1u ) are infrared active and they do not involve changes on in-plane bonds. In Figure 4b , the phonon dispersion of the MgB 2 monolayer is presented. In the phonon spectrum there are no imaginary frequencies, which confirms, once again, the dynamical stability of the system (also demonstrated earlier by the MD calculations). At the Γ point, there are three acoustic and six optical modes (from which two pairs are doubly degenerate). The optical modes A 1 , B 1 , E 1 , and E 2 are related to the optical modes of the parent material. Two significant differences between the bulk and monolayer spectrum can be observed: The E 1 and A 1 mode become energy degenerate in the monolayer, resulting in either a slight softening (hardening) of the modes which leads to nearly equal frequencies, which opens a gap in the phonon density of states (DOS) between the acoustic and optical modes. A more significant effect concerns the softening of the B 1 mode and hardening of the E 2 mode. As in the bulk E 2g mode, the monolayer E 2 mode is strongly coupled to electrons, causing the superconductivity in the monolayer in a similar fashion as in the bulk. In Figure 5 , the vibrational frequencies and normal coordinates for the MgB 2 monolayer are presented. The symmetry group is C 6v , and the acoustic modes are A 1 and E 1 . The optical modes at the Γ point are A 1 , B 1 , E 1 , and E 2 , where the infrared-active ones are A 1 and E 1 . The Raman-active modes are A 1 , E 1 , and E 2 , and B 1 is silent. In Table 2 , the Raman tensor for the MgB 2 monolayer is presented [52] . Similar to graphene, the phonon eigenvectors and the normal coordinates at the Γ-point are determined by symmetry rules and, therefore, are a model independent. 
Conclusions
The electronic band structure, density of states, phonon dispersion, and elastic constants have been calculated for the MgB 2 monolayer and compared to the bulk material, using first-principles calculations within the DFT framework. We demonstrated an increase of electronic density of states at the Fermi level in the monolayer (compared to the bulk) and determined its stability under various strains. These two features are crucial for the enhancement of electron-phonon coupling and they enable significant mechanical modification that increases the critical superconducting temperature. Establishing stability and offering insight into this novel 2D material, we focus on the effects of ultimate lowering of the dimensionality. The question of reduction of dimensionality to its limit, a truly atomic-scale 2D system, and the consequences of this [53] [54] [55] [56] [57] [58] [59] [60] [61] are highly relevant, not only to fundamental science but also to applications in nanotechnology. 
